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© Improvements in apparatus for particle determination in liquid metals. 



© In apparatus for on-line particle determination in 
molten metals a sample of molten metal is drawn 
through a calibrated passage (22) while a steady 
current is established through the passage between 
two electrodes (12, 14) on opposite sides thereof. 
Particles moving through the passage produce volt- 
age pulses whose magnitude and rate indicate re- 
spectively their size and number per unit, volume. 
The wanted test signal can be obtained between the 
two current carrying electrodes (12, 14), or between 
two other electrodes (15. 54) disposed on opposite 
sides of the passage. The electrodes (12, 14 or 15, 
48) form an interference-receiving antenna so that 
the wanted low signal/noise ratio test signal is over- 
laid with interference from neighbouring sources. 
^This interference is reduced by a cancellation signal 
^produced by a cancellation antenna constituted by a 
^similar pair of electrodes (12, 15 or 48, 54), either 
^separate from the main current-carrying electrodes 
f^or having one of them in common. A four electrode 
configuration permits the diameter of the passage to 
0>be monitored continuously. A five electrode configu- 
CO ration has three electrodes (15, 48, 54) separate 
^from the current-carrying electrodes (12, 14) forming 
the two antennae and connected differentially. A 
2|j further electrode (60) if provided is used to minimize 
ground loops in the signal path. A head member (70) 
carrying the tube (16) and electrode cluster (12, 14, 



15. 48, 54, 60) is mounted to move between oper- 
ative and storage positions relative to a main body 
(72) member carrying the power supply (66); these 
are made symmetrical about a longitudinal axis so 
that interference signals are in anti-phase and can- 
cel. 
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IMPROVEMENTS IN APPARATUS FOR PARTICLE DETERMINATION IN LIQUID METALS 



Field of the Invention 

This invention is concerned with improvements 
in or relating to apparatus for particle determination 
in liquid metals, namely for the detection and mea- 
surement of the number and/or size of particles 
present in liquid metals. 



Review of the Prior Art 70 

There are disclosed and claimed in U.S. Pat- 
ents Nos 4,55^662 and 4,600,880 a method and 
apparatus foTthe on-line detection of the number 
and size of solid particles in liquid metals, particu- 15 
larly liquid aluminium. The apparatus which has 
been developed is known as the "Li MCA" analyser, 
and briefly comprises a vessel of suitable heat- 
resistant, electrically non-conductive material hav- 
ing a small, precisely-dimensioned passage in a 20 
side wall. The vessel is immersed in the liquid 
metal to be tested and a uniform stream thereof is 
passed through the passage, usually by means of 
a vacuum drawn in the vessel interior, while a 
substantially constant electric current is established 25 
through the stream between two electrodes dis- 
posed respectively inside and outside the vessel. 
The particles of interest are usually non-conductive 
and the passage of a particle through the bore is 
accompanied by a change in the electrical resis- 30 
tance through the bore to produce a pulse whose 
amplitude is an indication of the size of the particle. 
The number of pulses produced while a fixed vol- 
ume of metal passes through the bore is an indica- 
tion of the number of particles per unit volume in 35 
the metal. 

The bore cannot be too small, or it is easily 
blocked by the larger particles, and small particles 
passing through a large bore will produce pulses of 
indeterminate shape and of magnitude little dif- 40 
ferent from that of the background random "noise" 
signals. It is found in practice difficult to extract the 
wanted pulse signals reliably from these noise sig- 
nals, since unless considerable care is taken they 
may be of about the same order of magnitude as 45 
the wanted signals for the smaller particles. To this 
end the supply current must be carefully filtered 
and smoothed, the vacuum {or pressure) used to 
move the metal through the bore must be free of 
pump-generated pulses, and the entire apparatus 50 
must be shielded as much as possible against 
outside electromagnetic interference. Many types 
of equipment that inevitably are present in an in- 
dustrial environment may be sources of such inter- 
ference, such as electric motors, electric welding 



machines, fluorescent lights, high voltage lines and 
induction furnaces, the interference either being 
propagated through the power supply cables, or by 
radiation through space. 

The design and use of filters to reduce or 
eliminate interference is now a well-developed art, 
but with this apparatus is made difficult by the 
relatively low voltage signals characteristic of the 
particle-indicating pulse (e.g. about 2-1000 micro- 
volts peak), and the fact that the pulse frequencies 
(corresponding to the number of particles per unit 
time passing through the passage) are in the range 
150 - 10,000 Hertz, which is of the same order as 
those of many of the* interfering noise pulses. 
Shielding can be provided to reflect or absorb the 
broadcast radiation before it reaches the apparatus, 
but it is impossible to achieve the ideal shield, 
consisting of an entirely closed metal box, because 
of the need for inputs and outputs to and from the 
box interior; the input and output cables must 
therefore also be fully shielded, so that effectively 
they become an extension of the closed box inte- 
rior. A technique found to be of value is to isolate 
parts of the test circuit from one another, whenever 
that is possible, to avoid the formation of local 
current loops that are particularly receptive of such 
interference, either by the use of known opto-in- 
sulators or with the help of insulation transformers. 

A particularly difficult source of interference to 
deal with is an induction furnace, in that it broad- 
casts punctual and continuous bursts of strong 
interference that are particularly easily confused 
with the required signals, while filters, shields and 
insulation have limited efficiency in the case of 
such a source. It is one of the principal virtues of 
the "Limca" apparatus that it can be used for "on- 
line" tests to give results in seconds, compared to 
prior apparatus which required several hours or 
even days, but this does dictate that the apparatus 
is close to the liquid metal source, with the above- 
described problems if this is an induction furnace. 



Definition of the Invention 

It is therefore an object of the invention to 
provide in such apparatus means for producing an 
interference cancellation signal that can be used to 
correct the wanted test signal by reduction of as 
much as possible of the interfering component or 
components thereof. 

It is another object to provide apparatus in 
which such an interference cancellation signal can 
be produced and used to correct the wanted signal 
prior to any amplification of the wanted signal. 
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It is a further object to provide a new apparatus 
in which provision is made for monitoring the size 
of the passage in order to evaluate and correct for 
the effect of change of its size on the test signal. 

It is a further object to provide a new apparatus 
that is compact and facilitates reduction by avoid- 
ance and cancellation of unwanted interference sig- 
nals, while also being more easily transportable 
and usable for "on-line" determinations. 

Apparatus in all aspects of the present inven- 
tion for the detection and measurement of particles 
in liquid metal comprises: 

electrically insulating wall means having a passage 
therein for the passage of molten metal thereth- 
rough; 

means for passing molten metal through the pas- 
sage in theLatem of-a stream thereof; 
a pair of current supply electrodes disposed on 
opposite sides of the wall means for insertion into 
the liquid metaJ to establish a current path between 
them through the passage; and 
current supply lead means connected respectively 
to the current supply electrodes for passing a cur- 
rent in the current path from a source thereof. 

Apparatus in accordance with the invention 
from a first aspect comprises: 
at least a third electrode for insertion into the liquid 
metal with the first-mentioned pair of electrodes; 
test lead means connected to a pair of the elec- 
trodes on opposite sides of the wall means for 
connection to detection means for detecting the 
voltage difference between the pair of electrodes 
resulting from the current and for detecting 
changes in the voltage difference resulting from the 
passage of differently-conducting particles through 
the passage and for the consequent production of 
a corresponding test signal; 

the last-mentioned pair of the electrodes constitut- 
ing at least part of an interference antenna produc- 
ing an interference signal from incident electric or 
magnetic interference, which interference signal is 
superimposed on the test signal; 
another pair of the three electrodes constituting a 
cancellation antenna disposed adjacent the said 
interference antenna to produce an interference 
cancellation signal from the said incident interfer- 
ence; 

and means for adding the interference cancellation 
signal to the said test signal in opposition to the 
interference signal to at least reduce the amplitude 
of the interference signal- 
Apparatus in accordance with the invention 
from another aspect comprises: 
third, fourth and fifth electrodes for insertion into 
the liquid metal with the pair of current supply 
electrodes; 

test lead means connected to a first pair of the 
third, fourth and fifth electrodes on opposite sides 
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of the wall means and for connection to detection 
means for detecting the voltage difference between 
the first pair of electrodes resulting from the current 
in the current path for detecting changes in the 
5 voltage difference resulting from the passage of 
differently-conducting particles through the pas- 
sage, and for the consequent production of a cor- 
responding test signal; 

the first pair of the third, fourth and fifth electrodes 
jo constituting at least part of an interference antenna 
producing an interference signal from incident elec- 
tric or magnetic interference, which interference 
signal is superimposed on the test signal; 
a second pair of the third, fourth and fifth elec- 
15 trades constituting a cancellation antenna disposed 
adjacent the said interference antenna to produce 
an interference cancellation signal from the said 
incident interference: 

and means for adding the interference cancellation 

20 signal to the test signal in opposition to the interfer- 
ence signal to at least reduce the amplitude of the 
interference signal. 

Apparatus in accordance with the invention 
from a further aspect comprises: 

25 a third and fourth electrode for insertion into the 
liquid metal with the pair of current supply elec- 
trodes so as to be disposed on opposite sides of 
the wall means from one another; 
test lead means connected respectively to the pair 

30 of third and fourth electrodes for connection to 
measuring means for detecting the voltage dif- 
ference between those electrodes and changes in 
the voltage difference resulting from the passage of 
differently-conducting particles through the pas- 

35 sage and for the consequent production of a cor- 
responding test signal; 

and measuring means connected to the test lead 
means to receive the test signal that is thereby 
produced. 

40 Apparatus in accordance with the invention 

from a further aspect comprises: 
test lead means connected to a pair of electrodes 
on opposite sides of the wall means from one 
another and for connection to means for detecting 

45 changes in the voltage difference between them 
resulting from the passage of differently-conducting 
particles through the passage and in the test signal 
that is thereby produced; 

a third and a fourth electrode for insertion into the 
so liquid metal with the said pair of electrodes and 

also disposed on opposite sides of the wall means; 

and measuring means connected between the third 

and fourth electrodes for determination of the size 

of the passage by determination of the voltage 
55 difference therethrough produced by the electric 

field in the current path. 

Preferably apparatus in accordance with the 

invention in any of its aspects includes an addi- 
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tional electrode for insertion into the liquid metal, 
and means connecting this additional electrode in 
the apparatus to minimize ground loop current 
paths in the test signal path; it may 'also be used to 
reference the power supply to reduce spurious AC 
current signals. 

Preferably also each electrode comprises an 
immersible portion of tungsten and a mounting 
portion of a metal having a contact potential of less 
than 1 millivolt with tungsten at the temperature of 
operation . 

Apparatus in accordance with the invention 
from a further aspect comprises an apparatus body 
mounting the electrically insulating, wall means and 
the electrodes which is symmetrical about a lon- 
gitudinal plane, and at least a power supply for the 
apparatus is=-«n two- mirror symmetrical portions 
disposed on opposite sides of the longitudinal 
plane- 
Apparatus in accordance with the invention 
from a further aspect comprises a head member 
mounting the electrically insulating wall means and 
the electrodes; 

a body member mounting at least a power supply 
for the apparatus; and 

arm means mounting the head member for move- 
ment relative to the body member between an 
operative position in which the electrodes are inser- 
table in the molten metal and a storage position in 
which they are spaced from the molten metal. 



Description of the Drawings 

Particular preferred embodiments of the inven- 
tion will now be described, by way of example, with 
reference to the accompanying diagrammatic draw- 
ings, wherein:- 

Figure 1 is a combined schematic side ele- 
vation of the head portion of a first, three-electrode 
embodiment, together with a block diagram of the 
operating circuit; 

Figure 2 is a schematic side elevation of the 
head portion only of a second, four-electrode em- 
bodiment; 

Figure 3 is a cross-section in plan of the 
second embodiment, taken on the line 3-3 in Fig- 
ure 2; 

Figure 4 is a schematic side elevation of the 
head portion only of a third, five-electrode embodi- 
ment, taken in the direction of the arrow 4 in Figure 
6; 

Figure 5 is an end elevation of the embodi- 
ment of Figure 4, taken in the direction of the arrow 
5 in Figure 6; 

Figure 6 is a cross-section in plan of the 
embodiment of Figures 4 and 5, taken on the line 
6-6 in Figure 5. 



Figure 7 is a cross-section in plar. similar to 
Figure 6, together with a schematic circuit diagram, 
of a further six-electrode embodiment; 

Figure 8 is a cross-section and schematic 
5 circuit diagram, similar to Figure 7. of a further six- 
electrode embodiment; 

Figure 9 is a side elevation of an electrode 
of the apparatus to illustrate a preferred construc- 
tion thereof; 

70 Figure 10 is a side elevation of a first em- 

bodiment of a compact, self contained apparatus 
comprising separate head and body members; 

Figure 1 1 is a plan view from above of the 
apparatus of Figure 10 with a top cover of the body 
75 member shown removed; 

Figure 12 is a transverse cross-section taken 
on the line 1 2-12 of Figure 1 1 ; 

Figure 13 is an end elevation of the head 
member of the apparatus of Figures 10-12, to a 
20 larger scale and with the external covers removed; 

Figure 14 is a diagram of a battery and 
boost current circuit for the apparatus of Figures 
10-13; 

Figure 15 is a diagram of a battery utilisation 
25 and charging circuit for each of the batteries of the 
apparatus ; 

Figure 16 is a diagram showing an applica- 
tion of a sixth electrode to minimize ground loop 
current paths; 

30 Figure 17 is a cicuit diagram of a reduced- 

noise multiple test signal amplifier arrangement for 
the apparatus; and 

Figure 18 is a side elevation of another 
structure for a self-contained apparatus employing 

35 separate head and body members. 

Description of the Preferred Embodiments 

40 The invention in a first aspect, as illustrated by 

Figure 1, is applied to a "Li MCA" {trade name) 
sampling head 10 comprising three transversely- 
spaced parallel downwardly-protruding electrodes 
12, 14 and 15. the electrode 12 extending into a 

45 sampling tube 16, while the electrodes 14 and 15 
extend directly into the molten metal 18 to be 
examined, which is shown for convenience in il- 
lustration as contained in a vessel 20. However, in 
all of the embodiments of the invention any body of 

so molten metal can be tested, such as a flowing 
stream passing in a transfer trough, and it is one of 
the advantages of apparatus of the invention that it 
can rapidly produce useful readings while the metal 
is flowing. In this embodiment the electrodes 12 

55 and 14 are current-carrying, the electrode 12 being 
positive and the electrode 14 negative, but the 
apparatus is not polarity sensitive and in other 
embodiments their polarities may be reversed. 
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The tube 16 is provided in the portion of its 
side wall between the two current-carrying elec- 
trodes 12 and 14 with an accurately-formed 
borehole or passage 22, through which metal is 
drawn into the cell formed by the tube by a vacu- 
um established in the cell via an outlet tube 24 by 
a vacuum source 26, while a relatively heavy con- 
stant direct current, usually of the order of 6-60 
amps, is fed to the electrodes 12 and 14 from a 
O.C. current source 28, usually a heavy-duty re- 
chargeable DC battery, via current-carrying leads 
30 and 32. The power source includes a ballast 
resistor 33 which reduces the voltage supplied to 
the electrodes from about 6 volts to about 0.6 volt, 
while at the same time stabilizing its value by a 
corresponding factor. The two leads 30.32 are en- 
closed in^a**hield -34 to reduce pick-up. the shield 
and the remainder of the circuit being connected to 
a common ground and also being electrically con- 
nected by connection 38 to the electrode 14 for it 
to serve as a ground reference electrode. The 
signal consisting of the resultant, wanted, test, 
pulse-containing voltage difference detected be- 
tween the electrodes 12 and 14 is fed in this 
embodiment to a differential preamplifier circuit 40 
comprising also a high pass filter (150 Hz). 

Although in all these embodiments the test is 
carried out while the molten metal is drawn into the 
tube by a vacuum, it is also possible to test while 
the metal is expelled from the tube by an internally 
applied pressure; if testing is carried out during 
both entry and exit of the metal the two results that 
are obtained can be averaged. 

Although the cables 30 and 32 are shielded as 
effectively as is possible, and for as much of their 
length as is possible, the electrodes 12 and 14 
form what is defined herein for convenience in 
terminology as an interference antenna, the effec- 
tiveness of which as an antenna cannot easily be 
reduced without impairing the ease of installation, 
use and mobility of the measuring head and its 
connecting cables. This interference antenna inevi- 
tably picks up extraneous signals from local sour- 
ces of noise and. because of the difficulty, if not 
impossibility, of shielding the two electrodes 12 
and 14. it is quite efficient as such. In a particular 
embodiment the electrodes 12 and 14 can mea- 
sure up to 90 cms (36 ins) in length, are spaced 
apart about 5 cms (2 ins) and are immersed up to 
15 cms (6 inches) in the molten metal to result in 
an electrode loop antenna of effective cross-section 
about 387 sq.cm. (60 sq.in.). This loop antenna is 
found to be quite highly directional, to the extent 
that it can even be used to detect the direction of 
the source or sources of the incident interference. 

As discussed above, one of the most difficult 
interfering sources to deal with is an induction 
furnace in that it broadcasts its interference in or 



near to the sampling frequency range characteristic 
of this apparatus (i.e. 200Hz to 10kHz). so that it 
cannot be rejected by a passband or notch filter 
without adversely affecting the wanted signals. As 

5 explained above, a major advantage of this type of 
apparatus is the ability to use it "on-line", which 
usually requires its use close to the induction fur- 
nace, e.g. within about 15 metres (45 feet), where it 
is well within the broadcast area of the interference. 

io Shields and insulation are of limited efficiency in 
the presence of such interference and so close to 
its source, and a signal pre-amplifier cannot be 
located to receive the wanted signals without also 
receiving the unwanted signals. 

J5 In accordance with an aspect of the invention, 

in this first three-electrode embodiment, an addi- 
tional or supplementary signal cancellation loop 
antenna is provided, formed by the combination of 
the electrode 12 and the third electrode 15, the 

20 latter also extending downward from the head di- 
rectly into the melt so as to lie in the same plane 
as the electrodes 12 and 14. The electrode 15 is 
disposed on the opposite side of electrode 12 from 
electrode 14 and is equally spaced from the elec- 

25 trode 12, so that the resultant cancellation loop 
antenna is of the same effective cross-section area 
as the interference antenna, which areas will al- 
ways remain equal despite any movements of the 
head and the differences in the depth of immersion 

30 of the three electrodes in the melt, the melt acting 
as a short circuit so that the area decreases as the 
depth of immersion increases. This third electrode 
will be long enough to always have its lower end 
insertable in the metal during a test procedure, and 

35 conveniently is of the same length as the two 
electrodes 12 and 14, but does not need to be as 
thick, since it carries onljr the small signal currents. 
Because of their physical disposition with the posi- 
tive electrode 12 in common the interference sig- 

40 nals in the interference and cancellation antennae 
are automatically exactly out of phase. 

As illustrated the differential amplifier that is 
employed in the pre-amplifier/filter 40 is a current 
transformer, the signal from the interference an- 

45 tenna 12, 14 being fed across one primary winding, 
while the signal from the cancellation antenna 12. 
15 is fed across the other winding. It will be seen 
therefore that the interference cancellation signal 
from the antenna 12, 15 is used to cancel any 

so interference signal from antenna 12, 14 prior to any 
amplification of either signal; this has the advan- 
tage of minimizing problems caused by noise and 
phase and/or gain changes that would be produced 
by any intervening amplifier or amplifiers prior to 

55 sequel conbination. The pre-amplifier is of a type 
providing the maximum available gain (e.g. up to 
about 100x), since such a static device introduces 
less noise into the signal than the usual equivalent 
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electronic devices. It is not however essential that a 
differential pre-amplifier be employed and other 
arrangements are described below. If an electron.c 
type amplifier is used then preferably it is supplied 
with its operating power from a separate small D.C. 
battery to reduce the possibility of unwanted signal 
pick-up from a mains-operated power supply. Such 
a transformer differential amplifier also preferably is 
of the type employing split balanced windings to 
provide automatic cancellation of the interference 
signals that are produced therein. With such a 
system particular care must be taken to reduce as 
much as possible any ground loop voltages that 
may be generated, since they are also fully am- 
plified by the amplifier or amplifiers which follow it. 
and arrangements to that end will be described 

below. "* ee "* " 

The output of pre-amplifier/filter 40 is fed to a 
variable gain amplifier 42 used to adjust the signal 
level obtained, the output of which is in turn fed to 
a low pass filter 44 which, together with the high 
pass filter in pre-amplifier/filter 40. completes a 
passband filter in the range 150 to 10.000 Hertz, 
the output of the filter 44 being fed to a computa- 
tion and recording apparatus 46. as described in 
detail in the said U.S. Patents Nos. 4.555.662 and 
4.600.880. the disclosures of which are incorpo- 
rated he-^ '! by this reference. This recording ap- 
paratus produces a permanent visible record in- 
dicating the number of particles per unit volume of 
metal, their individual size if required, and their 
relative size distribution. 

In another three-electrode embodiment which 
is not illustrated the current carrying cables 30 and 
32 are connected between the two electrodes 12 
and 15. while the differential amplifier 40 remains 
connected as before. However, with such a con- 
nection not only is it no longer possible to reduce 
ground loop voltages, but any present are strongly 
amplified by the following amplifier. 

Figures 2 and 3 illustrate a second embodi- 
ment employing a four electrode head which not 
only provides the advantages of the three electrode 
head described above, but also permits in addition 
constant measurement of the transverse size 
(transverse dimensions, equivalent or effective di- 
ameter, or cross-sectional area) of the passage 22. 
It must be understood that the conditions of opera- 
tion of the apparatus are unusually severe because 
of its use with molten metal. It is desired to detect 
and measure particles in the molten metal of as 
small as 10 microns equivalent diameter, and the 
usual equivalent diameter for the passage 22 is 
300 microns, which can be formed to a tolerance of 
± 2 microns. The value of the equivalent diameter 
is usually quoted since the passage is unlikely to 
be truly circular, at least within the obtainable toler- 
ances at the start, and may wear unevenly in use 



to become even less truly circular. This extremely 
small diameter passage is subjected periodically to 
an intense flow of molten metal, which in the case 
of aluminium and its alloys is at temperatures of 
s 700-800" C. while carrying the relatively high cur- 
rent of about 6-60 amps. The resistance through 
the passage is only of the order of 2 milliohm. but 
with the high currents employed even this small 
resistance will produce significant heating in the 
,o passage. The molten metal has a corrosive action 
toward the material of the tube 16. especially some 
alloys, such as those of high magnesium content, 
and this is increased by the scouring effect of the 
metal being forced rapidly through the passage. 
,s with the result that in use it increases in cross- 
section area. 

With a potential difference between the elec- 
trodes 12 and 14 of about 0.6 volts the potential 
difference across the passage 22 is about 120 
20 millivolts, while the signal produced by the passage 
of a 10 micron diameter particle is only of the order 
of microvolts, which in practice is already at the 
threshold of detectability among the noise and in- 
terference. An increase in cross-section area of the 
25 passage results in a two power decrease in its 
resistance, and therefore a four power decrease in 
the signal produced by a particle passing through 
it so that the particles will be measured by the 
apparatus as being of smaller diameter. An m- 
30 crease in the supply voltage would increase the 
signal level, but also increases the power require- 
ments which are already unusually high for a test 
apparatus. The passage cannot in practice be 
made initially much smaller in diameter without the 
as danger that it will become blocked by a large 
agglomerated particle, and it is therefore important 
that it not get any larger, or at least that if it does 
the operator is aware of this and can apply a 
correcting factor to the signals. It is also important 
40 that the operator can readily detect "on line" when 
the passage has become too large for a useful 
signal to be obtained and the tube 16 must be 

replaced. . 
Figure 2 shows the head 10 schematically in 
45 side elevation, while Figure 3 shows it in section 
taken on the line 3-3 in Figure 2 so that the relative 
location of the four electrodes can be seen. The 
fourth auxiliary electrode 48 also does not carry the 
test current from cables 30 and 32. and can also 
so be of small diameter, as with the auxiliary electrode 
15 This fourth electrode 48 is disposed inside the 
tube 16 so that the three electrodes 14. 15 and 48 
lie in the same plane 56. The two test current- 
carrying electrodes 12 and 14 form the interference 
55 antenna and are connected to one half of the input 
winding of differential transformer amplifier 40. 
while the two non-current-carrying electrodes 15 
and 48 form the cancellation antenna and are con- 
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nected to the other half of the transformer input 
winding, the connections being appropriate to ob- 
tain the necessary cancellation. In this embodiment 
the interference and cancellation antennae are not 
exactly co-planar, the electrodes 48 and 12 being 
placed as closely together as possible and in a 
plane 58 at right angles to the plane 56. 

In addition the electrodes 15 and 48 are con- 
nected to the input of a high input impedance 
amplifier 50 measuring the voltage difference be- 
tween them, and feeding this measurement to a 
computer circuit 52 which employs it to determine 
the size of the passage 22, the voltage difference 
of course decreasing as the hole increases in size 
and its effective resistance decreases. Such mea- 
surement is possible between these two auxiiary 
electrodeet^hich-do not themselves carry any of 
the test current, since the large test current be- 
tween the two electrodes 12 and 14 creates an 
electric field in the pool of molten metal and 
through the borehole 22. In any resistance path 
between any two electrodes on opposite sides of 
the hole the resistance of the metal in the bath 18 
and in the tube 16 is so low compared to that 
through the narrow borehole that the resistance in 
that path is essentially that through the borehole 
alone, and upon insertion of any two other elec- 
trodes in this electric field the potential difference 
between them can be measured by a voltmeter of 
adequate sensitivity and high imput impedance, 
such as an electronic voltmeter. The use of such 
an instrument also permits the resistance of the 
auxiliary electrodes themselves to be ignored. The 
remainder of the utilisation circuit is as illustrated in 
Figure 1 . 

It will also be seen that it is possible with such 
a four electrode configuration to measure the test 
signal between the two auxiliary electrodes 15 and 
48. since they are on opposite sides of the 
borehole, and the potential difference between 
them will vary with the resistance in the current 
path between the two current-carrying electrodes 
12 and 14. 

Figures 4 through 6 illustrate a third embodi- 
ment employing five electrodes 12, 14, 15, 48 and 
54, which provides for automatic equalization of the 
interference and interference cancellation signals 
and measurement of the passage effective diam- 
eter, together with reduction of ground loops and 
their respective unwanted voltages. Thus, the two 
electrodes 12 and 48 are disposed together in the 
tube 16, while the electrode 15 and a fifth electrode 
54 are disposed on opposite sides of the electrode 
48, with all of their longitudinal axes parallel. The 
axes of the three electrodes 15, 48 and 54 all lie in 
the same vertical plane, the electrodes 15 and 48 
constituting one antenna and the electrodes 48 and 
54 the other antenna, the transverse spacing be- 



tween the two electrodes 15 and 48 being the 
same as that between the two electrodes 48 and 
54, so that the corresponding opposing antennae 
have substantially equal areas. Either antennae can 

5 constitute the interference antenna or the cancella- 
tion antenna, as will be explained below. 

As before, the power cables 30 and 32 are 
connected between the two heavy current-carrying 
electrodes 12 and 14 so that these generate an 

10 electric field in the resistance path that they estab- 
lish in the metal pool through the passage 22, while 
the wanted test signal is measured between an 
associated pair of the auxiliary electrodes. In the 
embodiment illustrated the test signal is obtained 

75 between the electrodes 48 and 54, which therefore 
also constitute the interference loop antenna; they 
are connected at opposite ends of the input wind- 
ing of the current transformer differential amplifier 
40 to maximize the available test signal. The elec- 

20 trodes 48 and 15 constitute the cancellation loop 
antenna and are connected between the respective 
end and the centre tap of the input winding. 

The amplifier 50 is also connected between the 
two electrodes 15 and 48, but could equally well be 

25 connected between the two electrodes 48 and 54, 
to measure the voltage difference and thus monitor 
the passage size. Since the electrodes 12 and 14 
still form an effective loop antenna they are moun- 
ted in the head so that their plane 56 (Figure 6) is 

30 at right angles to plane 58 of the three electrodes 
15, 48 and 54, so that there will be a minimum of 
interference pick-up between the two antenna sys- 
tems. By using three signal electrodes that do not 
need to carry the heavy test current it is possible 

35 to provide between the central electrode and a 
junction between the other two electrodes a 
"virtual" central reference that is as free as it is 
possible to get of unwanted interference pick-up; it 
is then possible to use at this reference location to 

40 amplify the wanted signal an electronic pre-am- 
plifier, such as a relatively inexpensive and stable 
high input impedance battery-operated instrument 
amplifier . 

In all of the embodiments described one of the 
45 electrodes must be used to reference the power 
supplies if they are A.C. operated, in order to 
minimize ground loops in the wanted signal path. 
The use of an additional electrode specially for this 
purpose is described below, but in the absence of 
so such a special electrode it is usual to employ the 
current-carrying electrode outside the tube 16 (the 
electrode 14 in these embodiments) for this pur- 
pose. 

Figure 7 illustrates another circuit for the ap- 
55 paratus employing a "virtual" central reference as 
with the circuit of Figure 6, and also employing a 
further electrode 60 for use as a reference for the 
power supplies, this further electrode being dis- 
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posed at any convenient location outside the tube, 
preferably in the same plane 56 as the electrodes 
12. 14 and 48, so as again to be in a plane 
perpendicular to that of the signal measuring elec- 
trodes 15, 48 and 54. Such a further electrode 
employed solely for this reference purpose can 
also be provided with the other embodiments and 
constitutes a fourth electrode in the embodiment of 
Figure 1. a fifth electrode in the embodiment of 
Figures 2 and 3, and a sixth electrode in the 
embodiment of Figures 4-6. This avoids the need 
to use one of the current-carrying electrodes for 
this purpose, which can introduce ground loop 
pulses into the circuit as particles pass through the 
bore. 

The same references as are used in Figures 1 
to 6 ar§. useeF-in Figure 7 for equivalent circuit 
elements. The electrodes 1 5 and 54 are connected 
to opposite ends of the transformer primary wind- 
ing, and the "virtual" central reference is estab- 
lished between central electrode 48 and the centre 
tap of the primary winding, these being connected 
by an isolating capacitor 62. The differential am- 
plifier 40 is of relatively low gain (X40) and, since 
the wanted signals sum and the unwanted pickup 
signals cancel, the effective gain is doubled (X80). 
The instrumentation amplifier 42 is of higher gain 
(XI 00) for a total gain of 8,000 at the output termi- 
nals 64. it being supplied with power from a source 
64. the connections to the reference electrode 60 
being indicated in the conventional manner as re- 
spective ground connections. 

Figure 8 illustrates an alternative circuit not 
employing a differential transformer; a pair of 
series-connected resistors 68 (or a single centre 
tapped resistor) are connected between the two 
electrodes 15 and 54, the resistances having a low 
value relative to the input impedance of the am- 
plifier 42, which is connected between the centre 
tap of the resistors and the electrode 48. Again a 
relatively inexpensive instrumentation high gain 
transformer can be employed instead of a more 
expensive isolating-type transformer that would oth- 
erwise be required. 

The separation of the current carrying function 
of the electrodes from the signal generating func- 
tion results in substantial practical advantages in 
the size and type of current power supply that is 
needed. Specifically it is now found that the supply 
need only be a single cell or cells of about 1.2 
volts, instead of the multiple cell 6 volt heavy duty 
battery (to supply 60 amps) employed hitherto. The 
required amp/hour capacity can be provided by 
connecting a plurality of smaller capacity cells in 
parallel and this has further substantial advantages 
that will be described in more detail below. 

In order to avoid the noise associated with a 
rectified AC source the power is supplied from a 



rechargabte storage battery; since ihis cannot be a 

perfect source the signal that is measured is lower 

than the theoretical value by the relation: 

V m = V t .(1-V s /V b ) 
s where 

V m = measured signal 

V t = theoretical signal 

V s = voltage across signal electrodes, and 

V b = battery voltage 
10 With the 6 volt battery source at 60 amps current 

the signal voltage between the current carrying 

electrodes was 0.5 volt, the relation then having the 

value: 

V m = V t (1 -0.5/6) = 0.917V, 

is so that a correcting factor of 1 .09 must be applied 
to the measured signal values. The energy budget 
of this apparatus shows a low efficiency of energy 
use (about 8.3%) in that the signal involves use of 
only 30W (0.5V X 60A), while the battery must 

20 supply 360W (6V X 60A) with the excess dis- 
sipated in the ballast resistor, which must be of 
correspondingly large rating. The voltage across 
the aperture 22 is however only of the order of 0.12 
volt so that 

25 V m = V t (1 -0.12/60) = 0.98V t 

This is the voltage that is measured by the two 
non-current carrying electrodes using high input 
impedance detection circuits, and if the same volt- 
age is obtained from a source of only 1 .2 volts the 

30 signal amplitude Vm is: 

V m = V t {1-0.12/1.2) = 0.9V t 

The signal amplitude is reduced by about 9%, 
which is tolerable, while the energy budget now 
has a efficiency of 41.7%, in that the energy at the 

35 current carrying electrodes is still 30W, but the 
battery need only supply 72W (60A X 1 .2V). Nickel 
cadmium batteries of 10AfcJ capacity are available 
and can be used in parallel to provide the full 60 
amp current for approximately 90 minutes before 

40 recharging is needed, which is possible during the 
non-sampling periods, so that continuous operation 
is obtained. The use of a plurality of batteries, plus 
the use of two or more different values of ballast 
resistors, permits the provision of a variable test 

45 current that can be adjusted to suit the test to be 
made using relatively simple and inexpensive solid 
state switches to switch the batteries and resistors 
in and out of circuit. 

Figure 9 illustrates a preferred structure for the 

so electrodes, each of which consists of an immer- 
sible portion (given the suffix A) attached to the 
mounting portion (given the suffix B). The mounting 
portions must be of a non-corrosive high conductiv- 
ity metal such as copper or brass, preferably the 

55 latter, while the immersible portions are of a high 
melting point metal able to withstand the repeated 
immersions in molten aluminium. Most importantly 
the two different metals employed must have a 
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sufficiently low contact potential at the temperature 
reached by the junction in use, preferably less than 
1 millivolt. As described above, the relatively thin, 
elongated electrodes can measure up to 90 cms 
(36 ins) in length, and in operation it is difficult, if 
not impossible, to prevent them vibrating as they 
are inserted into and withdrawn from the metal. We 
have found that the vibration modulates the contact 
potential generating an A.C. signal that is amplified 
by the amplifier chain. At gains of more than 2- 
3.000 the resultant signal produced with contact 
potentials of about 10 millivolts are about equal in 
amplitude to the basic noise of the amplifier chain. 

We have found that a particularly effective 
combination is the use of brass for the mounting 
portion and tungsten for the immersible portion, the 
two portiaF»sbeing- silver soldered together at their 
junction, such a combination having a contact po- 
tential of less than 1 millivolt at 60* C, so that 
mechanical vibrations produce signals well below 
the basic noise of the amplifier chain, even at gains 
as high as 10.000. This is to be compared with the 
contact potentials of about 30 millivolts obtained at 
60° C with the brass/soft steel electrodes used 
hitherto. The use of tungsten has the additional 
benefits that its electrical resistance is relatively 
low, as compared to soft steel, permitting the use 
of smaller diameter electrodes, e.g. 6.5 mm (0.25 
in) O.D. for the current carrying electrodes, and 2.5 
mm (0.10 in) for the other electrodes. Alternatively, 
if the same diameter electrodes are employed, 
higher current flows are obtainable since this is 
limited primarily by the resistance of the elec- 
trodes. Tungsten is considerably less soluble in 
aluminium (7-10 times) than soft steel so that the 
electrodes have longer life. 

For similar reasons of avoidance of spurious 
signal generation we have found it desirable to 
firmly anchor all current-carrying wires, even when 
twisted together as is standard practice, since any 
mechanical vibration of the wires can produce such 
signals of sufficient strength to be interfering. 

The electrode structures disclosed have a prin- 
cipal object to enable the apparatus to detect with 
minimum ambiguity relatively small size particles 
and, as discussed above, this requires primarily 
that noise and interference be minimized to enable 
the relatively small wanted signals to be adequately 
identified. The problem is made difficult by the 
cubic relationship that exists between particle size 
and the wanted electric signals. Thus an increase 
in resolution of 2X, for example to identify particles 
of 10 microns instead of 20 microns, requires an 
improvement of 8X in signal strength over the 
background noise, while an increase to a resolution 
of 5 microns (4X) requires an improvement of 64X, 
all while keeping the signal/noise ratio to corre- 
sponding values of 2X and 4X. It has also been 



found thai it is possible to reduce substantially the 
effects of outside interference by suitable physical 
and electrical design and arrangement of the ac- 
companying circuit elements and their enclosures. 

s particularly by reducing their physical size as much 
as possible, so that inherently they pick up less 
random noise. Again, if the circuit elements can be 
more closely spaced then the electrical connectors 
are shorter and less liable to pick up interference 

to signals. It has been found in particular that the 
effects of pick-up of extraneous noise can be sub- 
stantially reduced by arranging that certain circuit 
elements are disposed symmetrically about a lon- 
gitudinal axis which passes through the cluster of 

is electrodes, the axis lying in the plane 56 of the 
various heads shown in the drawings; if this is done 
the interference signals produced can be arranged 
to be in anti-phase relative to one another, so that 
they tend to cancel one another. 

20 Referring now to Figures 10 through 13 the 

self-contained apparatus comprises two principal 
parts, namely a head member 70 and a main body 
member 72. the latter being provided with a mount- 
ing member 74 by which it can be mounted in 

25 position adjacent the metal containing vessel or 
transfer runner (not shown) with the cluster of elec- 
trodes carried by the head member either inserted 
in the metal or raised clear thereof. Thus the head 
member is mounted on the main body member by 

30 a pair of transversely spaced arms 76 pivoted at 
their ends to the two members and enclosed in a 
flexible neck cover 78, the arms permitting the 
head member to be moved vertically between a 
lower operative position shown in solid lines in 

35 Figure 10. in which the electrodes dip into the 
molten metal, and an upper storage portion shown 
in broken lines in whichjthe electrodes are clear of 
the metal surface. The bearings 77 employed to 
mount these arms are of a type that are resiliently 

40 damped to minimize transmission of mechanical 
vibrations between the two members. 

The structure of the head member is shown in 
more detail in the enlarged view of Figure 12, 
where the external thin sheet metal covers are 

45 shown removed to expose the internal structure. A 
lower rigid cup like member 80 and an upper rigid 
cup-like member 82 are connected rigidly together 
by vertical circumferentially-spaced pillars 84; pref- 
erably this structure is of cast aluminium. The 

so lower member 80 mounts the electrode cluster and 
the sampling tube 16, these extending parallel to 
one another from its lower side, while a battery- 
operated preamplifier 86 is mounted immediately 
above it; the minimum possible of the electronic 

55 circuits of the head member is mounted in this 
location while the greater part, indicated by the 
block 88. is mounted in the upper cup member 82 
where it is more fully protected by the intervening 
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structure against heat from the molten metal. Me- 
chanical items such as the arm bearings 77, and 
other non-electric items indicated by the block 90, 
such as pneumatic switches and relays, which are 
more tolerant of hot environment conditions, are 
disposed in the space between the two members; 
additionally this space is supplied with cooled air 
by means of two cyclone coolers 92 located in the 
body casing 72 and discharging into the interior of 
a chamber 94 within the body 72 formed by a 
metal shielding casing 95. In this embodiment the 
chamber 94 and casing 95 are T-shape as seen in 
plan, and are closed off from the remainder of the 
interior of the body casing, but are open at the foot 
of the T to the neck 78 and thus to the interior of 
the head member 70, so that both interiors are 
supplied ^with^fe cooling air. The remainder of the 
interior of the body member 72 is occupied by 
circuit boards 97 for the electronics, while the rear 
end is hinged to the remainder and accomodates 
computer key board 99. 

The tube 16 is made readily replaceable by it 
extending into a recess in a boss member 96 
mounted in an opening in the bottom of the cup 
member 80, the tube being inserted in and re- 
moved from the recess through an annular cuff 98 
of resilient material lodged in an annular recess 
100. In its fully inserted position the upper edge of 
the tube engages an Oring 102. Gas under pres- 
sure is then supplied by tube 101 to the gas-tight 
chamber formed between the cuff and the wall of 
recess 100, the pressurized gas pressing the cuff 
tightly into contact with the outer wall of the tube. 

The longitudinal axis of symmetry of the ap- 
paratus is indicated in Figures 11-13 by the refer- 
ence 104 and it will be noted that it bisects the 
head member 70, the body member 72 and par- 
ticularly the T-shaped chamber 94. The cross-bar 
of the T constitutes a battery compartment contain- 
ing eight re-chargable batteries 106 that supply the 
test current and two smaller rechargable batteries 
108 that supply the electronic circuits. The bat- 
teries 106 are in two mirror-image symmetrical 
groups of four on opposite sides of plane 1 04, and 
the two batteries 108 are also symmetrically dis- 
posed with respect to that plane. The batteries are 
bulky and there is therefore a limit to the closeness 
of their spacing, so that the current-carrying leads 
such as common bus connections 110, which act 
as pick-ups for interference, cannot be shortened 
below a minimum. With the batteries stacked in 
this symmetrical manner and connected in circuit 
with equal numbers from both packs the interfer- 
ence signals picked up by the connections will 
inherently be of opposite phase and tend to cancel 
one another. The small amount of non-symmetry 
caused by the occasional use of one more battery 
in one pack than in the other is tolerable. 



Figure 14 shows a battery and boost current 
supply portion of the electric circuit while Figure 
15 shows one of the circuits provided for each of 
the batteries to control the charging and discharg- 
s ing thereof, and also to control its respective output 
current by use of different values of ballast resistor. 
It is found to be advantageous in the operation of 
this apparatus prior to a test to apply briefly a 
relatively high boost current across the current 
io carrying electrodes 12 and 14, and it is believed 
that this acts to clear the aperture 22 of any small 
debris and gas bubbles that may be adhering to its 
walls. This current, which may be as high as 300 
amps, can be rectified AC and is provided by 
75 transformer 112 supplied from an AC source and 
full-wave rectifier 114. the output of the rectifier 
being supplied under the control of a boost driver 
circuit 116 via parallel-connected power mosfets 
118 to the two electrodes. The circuit enables the 
20 value of the boost current to be controlled, so that 
it can be adjusted to the minimum value that will 
give effective clearance of the aperture, such con- 
trol reducing the possibility of damage to the pas- 
sage that could be caused by excessive current 
25 density in the current path through the passage. 
The transformer 112 is a particularly large compo- 
nent with a high possibility of interference pick-up 
and accordingly two equal toroidal coil transformers 
are used connected in parallel and are disposed 
30 mirror symmetrically in the casing on opposite 
sides of the plane 104. so any such pick-ups are in 
anti-phase and cancel This has the incidental ad- 
vantage that when connected in parallel the AC 
source can be 110-125 volts, and 220-250 volts 
35 when connected in series. 

Referring now also to Figure 15. the opportu- 
nity is taken during test periods to recharge the 
batteries, and this is done by applying a charge 
control signal at terminal CHG to a respective opto- 
40 isolator 120 (e.g. type 4N35), which in turn switch- 
es on transistor 122 controlling a power mosfet 124 
so that the rectifier 114 is supplying charging cur- 
rent to the respective battery. The battery is con- 
nected in circuit to supply current to the electrodes 
45 12 and 14 by applying a respective control signal 
to terminal D-CHG, and thus to an opto-isoiator 126 
which controls a power mosfet 128, this portion of 
the circuit including a ballast resistor 130. The 
value of the current supplied to the electrodes can 
50 be varied, as described above, by connecting dif- 
ferent numbers of batteries 106 in parallel, but it 
can also be varied over an even wider range by 
applying control signals to either or both of the 
terminals 11 and 12. Each of these terminals is 
55 connected to a respective opto-isolator 132a and 
132b controlling a respective power mosfet 134a 
and 134b and selectively connecting a respective 
ballast resistor 136a and 136b in the circuit. 
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This flexibility of control of the batteries can be 
surprisingly important in obtaining improved resolu- 
tion. With the prior apparatus a minimum practical 
size for the bore 22 has been about 300 microns, 
principally as described above to avoid the pos- 
sibility that it becomes blocked by any large par- 
ticles that may happen to be drawn in during the 
test. Another consideration is that the current den- 
sity through the passage increases with a squared 
relation as its size decreases, and can quickly 
become excessive with the 60 amp supply that is 
used with that prior apparatus. Assuming for conve- 
nience in calculation that all the particles are 
spherical the value AV of the wanted test signal is 
given by the relation: 



A v =I - 4rd 

-if* 4 

where 

I is the test current; 
D is the passage diameter; 
d is the particle diameter; and 
r is the resitivity of the metal. 

from which it will be seen that any reduction in 
passage diameter (D 4 ) is more effective than a 
corresponding decrease in particle diameter (d 3 )- 
For example, a one third reduction of the passage 
size to 200 microns can result in a five-tires in- 
crease in the test signal, giving the possibility of 
increased resolution from 10 microns to about 6 
microns for the same test signal value. However, a 
reduction in passage diameter with the same test 
current results in a squared increase in the current 
density through the hole, with increased heating 
and wear, shortening the useful life of the expen- 
sive tube, perhaps to the extent that only a few 
tests can be performed. This is avoided with the 
apparatus of the invention wherein the controllable 
battery circuit permits the test current to be set 
precisely at a suitable value. There is a constantly 
increasing requirement in the industry for cleaner 
metal which this invention facilitates by enabling 
rapid on-line analysis of particle content, and as 
processes are developed to achieve this the pos- 
sibility of random large particles being present is 
reduced, so that smaller apertures, as low as 100 
microns, and consequent increased resolution are 
practical. 

Figure 16 illustrates a specific example or the 
manner in which the additional electrode 60 is 
employed to reduce spurious currents. Consider- 
ations of electrical safety require the use of a 
building ground connected to the external metal 
casing 74 and frame of the apparatus, while the 



metal bath 18 inherently is another ground. The 
battery pack then acts as one plate of an equiv- 
alent capacitor while the casing acts as the other, 
and different potentials at the two grounds can 
s establish a detrimental current through the capaci- 
tor. If, as in this embodiment, the batteries are 
enclosed in a metal case 95. this case constitutes 
one plate of an equivalent capacitor C1 while the 
batteries connected to the electrode cluster con- 

io stitute the other plate. The case 95 constitutes an 
intermediate shield between the batteries and also 
acts as a plate of a second equivalent capacitor C2 
connected in series with the capacitor CI, the 
external casing 72 being the other plate of C2. The 

/5 shield is connected by a heavy wire to the elec- 
trode 60, which is also of relatively large diameter 
(e.g. 12.5 mm). Any. undesirable currents created 
by different ground potentials circulate harmlessly 
in C1, but none can circulate in C2 since both 

20 plates are at the same ground potential. The use of 
such an additional electrode obviates the need for 
bulky and expensive isolation transformers. Again, 
the common sides of all D.C. supplies that are line- 
derived should be tied to this electrode by a sepa- 

25 rate heavy wire to divert spurious AC currents that 
are injected by the inherent capacitance of the 
associated input transformers. 

Figure 17 illustrates a preferred form of an 
amplifier circuit to obtain the necessary high gain 

30 while establishing the lowest possible total system 
noise level; for example this should not be more 
than 0.5 microvolts (including amplifier noise) to be 
able to detect particulates of 10 microns diameter 
moving through a passage of 300 microns diameter 

35 using a current of 60 amps and with a signal/noise 
ratio of not less than 4. Instrumentation amplifiers 
with a gain as high as is^ required (X1 0.000) have 
high intrinsic noise and are limited in bandwith. The 
achievement of high gain with sufficiently low noise 

40 level has the advantage that it is then possible to 
reduce the value of the test current required for 
satisfactory signals to be obtained, with a con- 
sequent reduced load on the batteries. A more 
satisfactory amplifier circuit shown in the figure 

45 employs a plurality (four in this embodiment) of 
small bandwidth operational amplifiers of low 
enough noise figure (1.1 nanovolts) connected in 
parallel with their outputs feeding to a unity gain 
amplifier, this permitting sufficient bandwith (20 

50 KHz) to be obtained with a lower total noise. It now 
also becomes possible to obtain variable gain by 
switching amplifiers in and out of circuit and also 
by the provision of additional feedback resistors 
that can be switched in and out of circuit; this is 

55 particularly useful if the signal is found to be too 
strong as the result of the presence of large par- 
ticulates, when the gain can readily be reduced to 
a suitable value. 
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The circuit comprises four amplifiers 140 (e.g. 
type LT 1028 of Linear Technology) connected in 
parallel with one amplifier permanently connected, 
while the other three are selectively connectable by 
electronic switches 150. The amplifiers are sup- 
plied with power from the two separate batteries 
108. which reduces ground loop current problems. 
The wanted test signal is in phase in all four 
amplifiers and their sum has a linear relationship, 

namely: 
V out =4XV io 

Since amplifier noise is random their sum is the 
square root of the sum of their squares so that 

Vfotal noise = 2 X V sing | e amplifier noise 

to give a 2 times improvement in signal noise ratio; 
at the low signal levels involved this constitutes a 
substantial aTidSvorth while improvement. 

Figure 18 shows in side elevation another 
physical structure for a self-contained apparatus, 
the same references being used for similar parts 
wherever that is possible. The apparatus is in- 
tended for use with the longitudinal dimension of 
the body part 72 vertical so that it can be used in 
locations where the horizontally-extending body of 
the embodiment of Figures 10 and 11 right cause 
some obstruction; the computer keyboard is now 
provided as a separate unit which is not shown. 
The shape and arrangement of the arms 76 is 
made such that the head portion can be moved 
from an operative position in which it is parallel to 
and alongside the body 72 to a stored or access 
position in which it is disposed vertically above the 
body to be well clear of the metal and somewhat 
more accessible to an operator. 



Claims 

1. Apparatus for the detection and measure- 
ment of particles in liquid metal comprising: 
electrically insulating wall means (16) having a pas- 
sage (22) therein for the passage of molten metal 
therethrough; 

means (24) for passing molten metal through the 
passage in the form of a stream thereof; 
a pair of current supply electrodes (12, 14) dis- 
posed on opposite sides of the wall means for 
insertion into the liquid metal to establish a current 
path between them through the passage; 
current supply lead means (30, 32) connected re- 
spectively to the current supply electrodes (12, 14) 
for passing a current in the current path from a 
source thereof; 

at least a third electrode (15) for insertion into the 
liquid metal with the first-mentioned pair of elec- 
trodes (12, 14); 

test lead means connected to a pair of the elec- 
trodes (12, 14 or 12, 15) on opposite sides of the 



wall means for connection to detection means (40, 
42, 44, 46) for detecting the voltage difference 
between the pair of electrodes resulting from the 
current and for detecting changes in the voltage 
5 difference resulting from the passage of differently- 
conducting particles through the passage and for 
the consequent production of a corresponding test 
signal; 

the last-mentioned pair (12, 14 or 12, 15) of the 
w electrodes constituting at least part of an interfer- 
ence antenna producing an interference signal from 
incident electric or magnetic interference, which 
interference signal is superimposed on the test 
signal; 

75 another pair (12, 15 or 12. 14 respectively) of the 
three electrodes constituting a cancellation antenna 
disposed adjacent the -said interference antenna to 
produce an interference cancellation signal from 
the said incident interference; 

20 and means (40 or 68) for adding the interference 
cancellation signal to the said test signal in opposi- 
tion to the interference signal to at least reduce the 
amplitude of the interference signal. 

2. Apparatus as claimed in claim 1, wherein the 
25 two current supply electrodes and the third elec- 
trode lie in the same plane. 

3. Apparatus as claimed in claim 1, and includ- 
ing a fourth electrode (48) for insertion into the 
liquid metal and measuring means (50) connected 

30 between the fourth electrode (48) and one of the 
first-mentioned three electrodes (14, 15) disposed 
on the opposite side of the wall means from the 
fourth electrode for determination of the size of the 
passage (22) by determination of the voltage dif- 

35 ference therethrough produced by the current in 
the current path. 

4. Apparatus as claimed in claim 1 , and includ- 
ing a fourth electrode (48) for insertion into the 
liquid metal, disposed on the opposite side of the 

40 wall means to the said third electrode (15), and 
measuring means (50) connected between the third 
and fourth electrodes (15, 48) for determination of 
the size of the passage (22) by determination of 
the voltage difference therethrough produced by 

45 the current in the current path. 

5. Apparatus as claimed in claim 1, and includ- 
ing a fourth and a fifth electrode (48, 54 respec- 
tively) for insertion into the liquid metal, wherein a 
first pair of the electrodes (15, 48 or 48, 54) con- 
so stitute the interference antenna, a second pair of 

the electrodes (48, 54 or 15, 48 respectively) hav- 
ing one of the electrodes of the first pair in com- 
mon constitute the cancellation antenna, and a third 
pair (15, 48 or 48, 54) of the electrodes disposed 
55 on opposite sides of the wall means have means 
(50) connected therebetween for determination of 
the size of the passage by determination of the 
voltage difference therethrough produced by the 



12 



23 



EP 0 398 719 A2 



24 



current in the current path. 

6. Apparatus for the detection and measure- 
ment of particles in liquid metal comprising: 
electrically insulating wall means (16) having a pas- 
sage (22) therein for the passage of molten metal 
therethrough; 

means (24) for passing molten metal through the 
passage in the form of a stream thereof; 
a pair of current supply electrodes (12, 14) dis- 
posed on opposite sides of the wall means for 
insertion into the liquid metal to establish a current 
path between them through the passage and there- 
by establish an electric field in the current path; 
current supply lead means (30, 32) connected re- 
spectively to the current supply electrodes (12. 14) 
for passing a current in the current path from a 
source thejgoj; 

a third and fourth electrode (15. 48) for insertion 
into the liquid metal with the pair of current supply 
electrodes (12. 14) so as to be disposed on op- 
posite sides of the wall mean from one another; 
test lead means connected respectively to the pair 
of third and fourth electrodes (15, 48) for connec- 
tion to measuring means (42-46) for detecting the 
voltage difference between those electrodes and 
changes in the voltage difference resulting from the 
passage of differently-conducting particles through 
the passage and for the consequent production of 
a corresponding test signal; 

and measuring means (42-46) connected to the 
test lead means to receive the test signal that it 
thereby produced. 

7. Apparatus as claimed in claim 6, and com- 
prising a fifth electrode (54) for insertion into the 
liquid metal with the other electrodes (12. 14, 15, 
48); 

test lead means connected to a pair of the third, 
fourth and fifth electrodes (15, 48 or 48, 54) which 
are on opposite sides of the wall means for con- 
nection to detection means (42, 46) for detecting 
the voltage difference between the pair of elec- 
trodes resulting from the electric field and for de- 
tecting changes in the voltage difference resulting 
from the passage of differently-conducting particles 
through the passage and for the consequent pro- 
duction of a corresponding test signal; 
the last-mentioned pair of the electrodes (15, 48, or 
48, 54) constituting at least part of an interference 
antenna producing an interference signal from in- 
cident electric or magnetic interference, which in- 
terference signal is superimposed on the test sig- 
nal; 

another pair of the third, fourth and fifth electrodes 
(48, 54 or 15, 48 respectively) constituting a can- 
cellation antenna disposed adjacent the said inter- 
ference antenna to produce an interference can- 
cellation signal from the said incident interference; 
and means for adding the interference cancellation 



signal to the said test signal in opposition to the 
interference signal to at least reduce the amplitude 
of the interference signal. 

8. Apparatus as claimed in claim 7. wherein the 

5 third, fourth and fifth electrodes (15. 48, 54) are so 
disposed relative to one another that the planes 
(58) of the interference and cancellation antennae 
are parallel and are at right angles to the plane (56) 
of the pair of current supply electrodes (12. 14). 

io 9. Apparatus as claimed in claim 7, including 

measuring means (50) connected between a pair of 
the third, fourth and fifth electrodes (15, 48, or 48, 
54) disposed on opposite sides of the wall means 
from one another for determination of the size of 
75 the passage (22) by determination of the voltage 
difference therethrough produced by the electric 
field. 

10. Apparatus as claimed in claim 8, including 
measuring means (50) connected between a pair of 

20 the third, fourth and fifth electrodes (15. 48 or 48. 
> 54) disposed on opposite sides of the wall means 
from one another for determination of the size of 
the passage (22) by determination of the voltage 
difference therethrough produced by the electric 

25 field. 

1 1 . Apparatus as claimed in any one of claims 
1 to 10, wherein the said test and interference 
signals are fed to a differential amplifier (40) as one 
input thereof, and the said interference cancellation 

30 signal is fed to the differential amplifier (40) as 
another input thereof, the output of the amplifier 
being the difference between the two inputs, 

12. Apparatus as claimed in any one of claims 
1 to 10, wherein the said test and interference 

35 signals are fed to the opposite ends of a centre 
tapped impedance (68), the centre tap of which 
constitutes an output tergpinal, the resultant output 
being supplied to an amplifier (42) or to a plurality 
of parallel connected amplifiers (140). 

40 13. Apparatus as claimed in any one of claims 

1 to 12, and including a further electrode (60) for 
insertion into the liquid metal, and means connect- 
ing the further electrode in the apparatus to mini- 
mize ground loop current paths in the test signal 

45 path. 

14. Apparatus as claimed in any one of claims 
1 to 13, wherein a test pulse generator (69) is 
connected between the two electrodes (15. 54) 
between which a test signal is produced and is 

so adapted to generate simulated test pulses for ex- 
amination of the response of the apparatus. 

1 5. Apparatus as claimed in any one of claims 
1 to 14, wherein an apparatus body (70, 72) mount- 
ing the electrically insulating wall means (16) and 

55 the electrodes (12, 14, 15. 48, 54, 60) is symmetri- 
cal about a longitudinal plane (104), and at least a 
power supply (106. 112) for the apparatus is in two 
mirror symmetrical portions disposed on opposite 
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sides of the longitudinal plane. 

16. Apparatus as claimed in claim 15, wherein 
the power supply for the apparatus comprising a 
plurality of independently selectable separate bat- 
teries (106) and a transformer (112). both of which 
are in two mirror symmetrical portions disposed on 
opposite sides of the longitudinal plane (104). 

17. Apparatus as claimed in any one of claims 
1 to 16. and comprising a head member (70) 
mounting the electrically insulating wall means (16) 
and the electrodes (12. 14. 15. 48. 54, 60); 
a body member (76. 77) mounting at least a power 
supply (106. 112) for the apparatus; and 

arm means (76. 77) mounting the head member 
(70) for movement relative to the body member 75 
(72) between an operative position in which the 
electrodes a^insertable in the molten metal and a 
storage position in which they are spaced from the 
molten metal. 

18. Apparatus as claimed in claim 17, wherein 20 
the head number (70) has the electrodes (12, 14, 

15, 48, 54, 60) mounted at its lower end; 
head amplifier means (86) are mounted imme- 
diately above the electrodes; 

non-electric elements (90) of the apparatus are 25 
mounted above the head amplifier means; and 
amplifier means (88) are mounted above the non- 
electric elements. 

19. Apparatus as claimed in any one of claims 

1 to 18. wherein each electrode (12, 14, 15, 48. 54. 30 
60) comprises an immersible portion (12A, 14A, 
15A 48A, 54A, 60A) of tungsten and a mounting 
portion (12B. 148, 15B, 48B, 54B. 60B) having a 
contact potential of less than 1 millivolt with tung- 
sten at the temperature of operation. 

20. Apparatus as claimed in any one of claims 
1 to 19. wherein the insulating wall means (16) 
comprises a tube, and means for mounting the 
tube in the apparatus comprise a resilient cuff (98) 
through which the tube passes, the cuff being 40 
pressurised to grip the tube and hold it in the 
apparatus. 

21 . Apparatus as claimed in any one of claims 
1 to 20. including means (Figs 14 & 15) for control- 
ling the value of the test current applied to the 45 
current supply electrodes (12, 14) for control of the 

test current density in the current path through the 
passage (22). 

22. Apparatus as claimed in any one of claims 
1 to 21, including boost current supply means 
(112-118) connected to the current supply elec- 
trodes (12. 14) for applying to the current path 
through the passage (22) prior to a test a boost 
current of higher value than the test current, and 
means (116) for controlling the value of the boost 55 
current to control the resultant current density in 

the current path through the passage. 
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© In apparatus for on-line particle determination in 
molten metals a sample of molten metal is drawn 
through a calibrated passage (22) while a steady 
current is established through the passage between 
two electrodes (12, 14) on opposite sides thereof. 
Particles moving through the passage produce volt- 
age pulses whose magnitude and rate indicate re- 
spectively their size and number per unit volume. 
The wanted test signal can be obtained between the 
two current carrying electrodes (12, 14), or between 
two other electrodes (15, 54) disposed on opposite 
sides of the passage. The electrodes (12, 14 or 15, 
48) form an interference-receiving antenna so that 
the wanted low signal/noise ratio test signal is over- 
laid with interference from neighbouring sources. 
This interference is reduced by a cancellation signal 
produced by a cancellation antenna constituted by a 



similar pair of electrodes (12, 15 or 48, 54), either 
separate from the main current-carrying electrodes 
or having one of them in common. A four electrode 
configuration permits the diameter of the passage to 
be monitored continuously. A five electrode configu- 
ration has three electrodes (15, 48, 54) separate 
from the current-carrying electrodes (12, 14) forming 
the two antennae and connected differentially. A 
further electrode (60) if provided is used to minimize 
ground loops in the signal path. A head member (70) 
carrying the tube (16) and electrode cluster (12, 14, 
15, 48, 54, 60) is mounted to move between oper- 
ative and storage positions relative to a main body 
(72) member carrying the power supply (66); these 
are made symmetrical about a longitudinal axis so 
that interference signals are in anti-phase and can- 
cel. 



Q. 



Xerox Copy Centre 



BNSDCCIO: <EP 03987 19A3 I > 



EP 0 398 719 A3 



10- 



15- 




TEST 
SIGNAL J 
INTER- 
FERENCE 



16 




pa 



— J -28 



18 



LOW 

PASS % 
FILTER 




22 



J 



-20 



46 



COMPUTE Pi 

AND 
RECORD 



FIG. 1 



2 



European 
Patent Office 



EUROPEAN SEARCH 
REPORT 



Application Number 



EP 90 30 5341 



DOCUMENTS CONSIDERED TO BE RELEVANT 



Category 



Citation of document with indication, where appropriate, 
of relevant passages 



Relevant 
to claim 



CLASSIFICATION OF THE 
APPLICATION (Int. C1.5) 



A,D 



FR-A-2 241 069 (W\H. COULTER) 

* page 1 , line 31 - page 2, line 5 * * page 16. line 13 - page 
17, line 34; figure 1 1 @ page 20, line 35 - page 22, line 12; 
figure 15 * * page 26, line 25 - page 27, line 39; figure 19 * 

EP-A-0 1 1 9 770 (LIMCA RESEARCH INC.) 

* page 7 f line 7 - page 10, line 8; figure 1 * * page 12, lines 1 
- 22 & US-A-4555662 ' 

FR-A-2 396 285 (CONTRAVES A.G.) 

^page 1 Jine 1 - page 2, line 27 * * page 5, line 1 7 - page 6, 

line 20; figure 1 * * page 7, line 2 - page 9, line 38 * 



1-13,16 



1-4,6, 

9-11,17, 

18 

1,2,6,11 



G 01 N 
15/12 

G 01 N 33/20 



FR-A-2 209 1 48 (CONTRAVES A.G.) 

* page 1. line 29 - page 2, line 5 * * page 2, line 14 

line 22; figures 1,2* 



page 5, 



TECHNICAL FIELDS 
SEARCHED (Int. CI -5) 



G 01 N 



The present search report has been drawn up for all claims 



Place of search 



Berlin 



Date of completion of search 

13 May 91 



MOUTARD P.J. 



CATEGORY OF CITED DOCUMENTS 
X : particularly relevant if taken alone 
Y : particularly relevant if combined with another 

document of the same catagory 
A : technological background 
O: non-written disclosure 
P : intermediate document 

T : theory or principle underlying the invention 



E : earlier patent document, but published on, or after 

the filing date 
D : document cited in the application 
L : document cited for other reasons 

& : member of the same patent family, corresponding 
document 



pjjQnnrrtn- --co moo 7to»i < - 



THIS PAGE BLANK (USPTO) 



